Abstract-This paper introduces two new type active quasi circulators and three new type active circulators which use the outof-phase power divider/combiner, symmetric/anti-symmetric couplers and generic unilateral amplifiers.
INTRODUCTION
Circulators with three or more ports are nonreciprocal functional blocks used in microwave and millimeter systems that separate incident and reflected waves. To reach the next port the incident signal at one port circulates in only one direction, namely, clockwise or counterclockwise, and non-adjacent ports are isolated from each other. Conventional circulators are usually fabricated with passive, nonreciprocal ferrite materials. But using ferrite materials make them expensive; also they are not compatible with monolithic integration [1] . The most important specifications of active circulator and quasi circulator are their inherent advantages such as size, weight and cost over conventional ferrite devices [2] [3] [4] [5] [6] [7] [8] . Active circulator and quasi circulator are also highly compatible with monolithic technology and are being used as part of complete microwave transmit receive frontends.
Employing the non-reciprocal characteristic of transistors for active circulator has been described in 1965 by Tanaka [2] . But its upper frequency cutoff was very low, about 3 MHz. Another reported active circulator used three conventional FETs, in which their sources were connected together [3] . In this design, the frequency response was extended to 2.1 GHz, and the insertion loss and isolation are reported as 6, and 18 dB, respectively. In [4] , employing line-unified FETs (LUFETs) has been proposed, which can operate over a wide frequency range (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . This circuit consists of an active outof-phase divider and an active in-phase combiner. Combination of power divider and combiner leads to an active quasi circulator module. In [5] , an active circulator is shown, which uses three amplifiers in a network, and there is a power coupler at the junction among amplifiers. Also, a narrowband integrated active circulator antenna is proposed in [6] for transmit-receive applications. This circulator was a hybrid circuit implemented using a set of amplifiers in a network. In [7] , a microstrip active quasi circulator module is presented using two generic amplifier blocks and two power couplers. The power couplers are parallel-coupled lines with a slow-wave structure in order to improve the isolation between ports of the quasi circulator module.
In this paper, we propose new configurations which are actually active quasi circulator modules and active circulators. An analytical design method is presented for active quasi circulator module. The developed circuit can replace a conventional circulator even though it is not a complete circulator. By using these quasi circulator modules, designing a multi-port active circulator is possible. The formulation of n-port active circulator is presented in this paper. The proposed circuits can be used as a microwave element in commercial simulators. In the previously mentioned works, there is no signal amplification between adjacent ports, and designs were not modular. But in this new method the amplification of circulated signal between ports is considered and can be adjusted for special applications. The proposed structures are the results of modular design that can be extended to multi-port active circulators. This paper is organized as follows. Section 2 demonstrates the basic block diagrams of proposed active quasi circulator modules; Section 3 introduces the configuration of active 3-port circulators; Section 4 gives the configurations of n-port active circulator; Section 5 presents an example by employing unilateral broadband distributed amplifier for active circulator and quasi circulator. Finally, conclusions are summarized in Section 6.
BASIC CONFIGURATIONS AND DESIGN OF QCMS
A three-port device that transfers power from port 1 to port 2 and from port 2 to port 3, but dose not transfer power from port 3 to port 1 is a quasi circulator module. According to this description, the desired S-matrix of a quasi circulator module and its block diagram are shown in Fig. 1 .
Two proposed active quasi circulator modules are shown in Fig. 2 . Each configuration consists of two unilateral generic amplifiers and one out-of-phase power divider/combiner, which are connected to each other, making an active quasi circulator module. It should be considered that the outputs of power divider and inputs of power combiner are isolated from each other. The used unilateral amplifiers in each structure are similar. The important features of these proposed circuits are using unilateral out-of-phase power divider/combiner and one type of general unilateral amplifiers.
Active QCM with Out-of-phase Divider
As shown in Fig. 2(a) , the signal enters the circuit at port 1, whereupon it encounters an out of phase power divider, so is divided to outof-phase signals. These out-of-phase signals at port 3 have equal magnitudes, because the impedance of port 2 and Y 0 are equal, and the used unilateral amplifiers are similar. Therefore, the incident signal at port 1 cancels out at port 3. The incident signals at port 2 will be amplified and appear at ports 3, and half power of incident signal at port 1 appears at port 2. On the other hand, because of the unilateral characteristics of the power divider and amplifiers, we have S 12 = S 23 = S 13 = 0. Now, we try to obtain analytical relations for this proposed active quasi circulator. Suppose that the Y matrix of unilateral amplifiers and out-of-phase power divider are: Figure 3 . Schematic of the proposed active quasi circulator.
In this matrix (2), a, b, g and t are the input admittance, output admittance, forward transadmittance and transadmittance between output ports, respectively. The details of connections between power divider and two amplifiers, considering the first block diagram in Fig. 2(a) , are shown in Fig. 3 . The obtained relations between voltages and currents are:
By considering the conditions in Fig. 3 , we have the following set of equations:
Now, by substituting (3) to (4):
Therefore, the admittance matrix of proposed active quasi circulator module ( Fig. 2(a) ) is:
, the scattering matrix will be obtained from admittance matrix. The result is:
This matrix introduces a quasi circulator module, when S 11 = S 22 = S 33 = 0. These conditions give the following set of equations:
So the proposed configuration in Fig. 2 (a), will be a quasi circulator module. The scattering matrix of the proposed active quasi circulator is expressed as follows:
In this relation, G 1 is power gain from port 1 to port 2, and G 2 is power gain from port 2 to port 3. As shown in (10), there is a relation among power divider, amplifier parameters and obtained gains. Because of using unilateral out-of-phase power divider, the incident signal at port 1 will be divided into two signals with obtained gain (G 2 ). Therefore, the incident signal at port 1 cancels out at port 3. Also the incident signal at port 2 will appear at port 3. Due to the unilateral characteristic of power divider and amplifiers, the incident signals at ports 2 and 3 do not appear at ports 1 and 2, respectively. These values (G 1 & G 2 ) are adjustable for special applications.
Active QCM with Out-of-phase Combiner
In the second structure that is shown in Fig. 2(b) , the signal enters the circuit at port 1, in which it encounters a set of parallel lines to the out-of-phase power combiner and one direct line to port 2. So amplified signal appears at port 2, and two signals appear at the inputs of power combiner. These two signals to port 3 are out-of-phase and equal in magnitude because the admittance of port 2 equals Y 0 . Therefore, the incident signal cancels out at port 3. On the other hand, S 12 , S 23 and S 13 are zero because of the unilateral characteristics of the power combiner and amplifiers. The incident signals to ports 2 will appear at port 3. The Y matrix of the unilateral amplifiers and power divider are supposed to be:
In this matrix, a, b, g are the input admittance, output admittance, forward transadmittance respectively, and t is transadmittance between input ports. Similar to the used method for Fig. 3 , by substituting these matrixes in Fig. 2(b) , the scattering matrix will be obtained.
By choosing S 11 = S 22 = S 33 = 0, the matrix introduces a quasi circulator module. The result of these conditions is the following set of equations:
By applying Equation (13), the final S-matrix of the second proposed quasi circulator module is expressed as follows:
Similar to the first proposed configuration, due to using unilateral amplifiers and power combiner in this configuration, there are power gains between ports. As mentioned later these values are adjustable for special applications.
BASIC CONFIGURATIONS AND DESIGN OF ACTIVE CIRCULATOR
By using power divider/combiner (Fig. 4) and symmetric/antisymmetric couplers (Fig. 5) , design of a 3-port active circulator is described. Also the block diagrams to design an n-port active circulator based on described 3-port active circulator are proposed. Power divider/combiner and symmetric/anti-symmetric couplers are passive microwave components used for power dividing or power combining. In a two way power divider, an input signal is divided by the coupler into two signals of lesser power. The coupler may . In recent years different designs of power divider/combiner are presented [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The scattering matrix of a 4-port coupler (Fig. 5 ) is:
By choosing the proper values for parameters in (15) finally there are two options.
Symmetric/Anti-symmetric Couplers
The proper values and scattering matrix of symmetric/anti-symmetric coupler are shown in Table 1 .
Using matched load at port 4 for each coupler, the final S matrixes 
In this design, by employing symmetric/anti-symmetric couplers and unilateral amplifiers, design of a 3-port active circulator is presented. The basic configuration for 3-port active circulator is shown in Fig. 6 . As shown in Fig. 6 , the incident signal at port 1 is divided into two signals. Because of unilateral characteristic of amplifier there is no signal at port 3 but amplified signal will appear at the input of power combiner at port 2. The inputs of power combiner are isolated, so the signal just appears at port 2. Also when the signal enters at ports 2 and 3, there is similar operation and finally the incident signal in each port, circulates to adjacent ports and non-adjacent ports are isolated. So we have an active circulator. 
Power Divider/combiner
By employing unilateral power divider/combiner and amplifiers, design of a 3-port active circulator will be described. For example, the scattering matrix of a Wilkinson power divider/combiner is [1] :
The block diagram of proposed active 3-port circulator is shown in Fig. 7 . The incident signal at port 1 is divided into two signals of lesser power. Because of unilateral characteristic amplifier, there is no signal at port 3, but amplified signal will appear at the input of power combiner at port 2. The inputs of power combiner are isolated, so the signal just appears at port 2. When the signal enters at ports 2 and 3, there is similar operation, and finally we have an active circulator.
CONFIGURATION OF n-PORT ACTIVE CIRCULATOR

n-port Active Circulator Using Active Quasi Circulators
In this section we propose a configuration for n-port active circulator that employs quasi circulators (Fig. 8) . Analytical equations are obtained for this n-port active circulator. For an n-port active circulator we need n quasi circulator modules. Based on the port nomination used for this module in Fig. 9 , V 1,k , V 2,k , V 3,k and I 1,k , I 2,k , I 3,k mean the port voltages and currents of the kth quasi circulator module.
On the other hand I i,k , V i,k i = 1, 2, 3 for the kth quasi circulator that i is the number of quasi circulator ports. Also we know that the relation between currents and voltages for the kth quasi circulator is:
By using supposed nomination in Fig. 9 , the details of n-port active circulator are shown in Fig. 10 .
Considering this configuration we obtained the admittance matrix, and then the scattering matrix will be obtained by converting this We can formulize the symmetry of this configuration that is shown in Fig. 8 . For an n-port active circulator the analytic form of this symmetric configuration is:
Finally by substituting (19) to (21) we have:
The Equation (23) defines the final relation for admittance matrix. Also by using S = (Y + Y 0 ) −1 (Y 0 − Y ), the scattering matrix will be obtained from admittance matrix. The result is:
n-port Active Circulator Using Extended form of Proposed 3-Port Active Circulators
Here, the block diagram of an active n-port circulator is illustrated in Fig. 11 . This structure is the extended form of proposed configuration in Fig. 6 for n-port active circulator. As described, the circulation between adjacent ports is similar to the principles in Fig. 6 . Also by connecting power divider/combiner and unilateral amplifiers an active n-port circulator will be obtained. This structure is the extended form of proposed configuration in Fig. 7 , for n-port active circulator. The block diagram of active n-port circulator is shown in Fig. 12 . As described, the circulation between adjacent ports is similar to the principles in Fig. 7 . Figure 11 . Block diagram of active n-port circulator.
SIMULATION RESULTS OF ACTIVE QCMS AND ACTIVE CIRCULATORS
In this part, the simulation of active quasi circulator circuits and circulator, with the configuration shown in Figs. 2, 6 and 7, are presented. In this case, the power divider/combiner and symmetric/anti-symmetric coupler are supposed to be ideal and a designed distributed amplifier is used. As distributed amplifiers are gaining popularity in microwave broadband integration circuits applications, a variant of the distributed amplifier has recently been described [25] [26] [27] [28] [29] . They have inherently large gain-bandwidth and are suitable choice for our proposed active quasi circulator modules. The distributed amplifier that can be implemented by MMIC technology is a suitable circuit for wideband applications. This designed distributed amplifier is broadband (1-30 GHz). The configuration of the employed distributed amplifier is shown in Fig. 13 . The unilateral model used for HEMT transistors is shown in Fig. 14 . The simulated S-parameters of this distributed amplifier are shown in Fig. 15 . The advantages of this amplifier will affect the output of proposed quasi circulators. The results of the designed quasi circulators show a relatively flat transmission coefficient over several octaves and a good return loss.
The results of the proposed active quasi circulators and active 3-port circulators, employing the designed distributed amplifier, are shown in Figs. 16-18 which show a relatively flat transmission coefficient over several octaves and a good return loss. S-parameters of active quasi circulator designed by out-of-phase power divider. S-parameters of active quasi circulator designed by out-of-phase power combiner. Figure 18 .
S-parameters of active circulator designed by 90 • coupler.
CONCLUSION
In this paper, novel active quasi circulators and active circulators have been proposed using power divider/combiner, symmetric/antisymmetric couplers and general unilateral amplifiers. These proposed active quasi circulator and active circulator circuits are the results of the modular design approaches. In these circuits, a distributed amplifier is employed to construct the proposed active quasi circulator module and active circulators. Based on the proposed block diagrams, detailed designs of n-port active circulator have been presented. The simulation result of designed active quasi circulators and active circulators show that the gain, isolation and return loss of these modules are better than those of other modules.
